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Abstract. We discuss the formation of supermassive black holes in the early universe, and how to
probe their subsequent evolution with the upcoming mm/sub-mm telescope ALMA. We first focus
on the chemical and radiative conditions for black hole formation, in particular considering radiation
trapping and molecular dissociation effects. We then turn our attention towards the magnetic prop-
erties in the halos where the first black holes form, and show that the presence of turbulence may
lead to a magnetic dynamo, which could support the black hole formation process by providing an
efficient means of transporting the angular momentum. We finally focus on observable properties of
high-redshift black holes with respect to ALMA, and discuss how to distinguish between chemistry
driven by the starburst and chemistry driven by X-rays from the black hole.
CHEMICAL AND RADIATIVE CONDITIONS
The presence of supermassive black holes at z > 6 raises the question how they formed
so quickly. Forming them from stellar progenitors seems difficult, as the first stars were
thought to be very massive, thus giving rise to strong radiation feedback [1, 2]. The dark
matter halos in which they form are thus photo-evaporated at the end of their lifetime,
leaving little gas available for subsequent accretion [3, 4, 5].
As an alternative, it was suggested that more massive seeds could form in the first
atomic cooling halos [e.g. 6, 7, 8, 9]. These systems have masses M > 5× 107[(1+
z)/10]−3/2 M⊙ and thus virial temperatures Tvir > 104 K. Virialization shocks may thus
sufficiently heat the gas such that cooling with the atomic hydrogen lines is relevant.
To form a massive central clump, fragmentation should be suppressed. This is possible
for instance if cooling is inefficient, leading to a stiff equation of state [10]. The large
hydrogen column densities may lead to efficient trapping of Lyman-α photons and effec-
tively shut down Lyman-α cooling [9], while photodissociation may suppress cooling
via molecular hydrogen [e.g. 7, 11, 12]. We investigate these effects in the presence of
additional cooling mechanisms expected to be present in primordial gas, in particular
chemical cooling channels like H− formation cooling and H2 collisional dissociation
FIGURE 1. Temperature evolution as a function of density for different values of J21. The thin dotted
lines indicate lines of constant Jeans mass.
cooling [13, 14].
For the photodissociating background, we adopt a blackbody spectrum with temper-
ature T = 105 K, which we normalize at 13.6 eV with the parameter J21, where J21 = 1
corresponds to a UV background strength of 10−21 erg s−1 cm−2 sr−1 Hz−1. The de-
tailed approach is described by Schleicher et al. [15]. Work by Dijkstra et al. [16] showed
that even J21 > 1000 may occur frequently enough to explain the abundance of super-
massive black holes at z∼ 6. We explore values up to J21 = 104 and show the resulting
temperature evolution in Fig. 1, which is independent of the adopted hydrogen column
density. Even for the extreme cases, the temperature keeps decreasing with density, so
that fragmentation cannot be excluded on thermodynamical grounds alone.
MAGNETIC CONDITIONS AND DYNAMO EFFECTS
An additional mechanism that may stabilize the gas against fragmentation and enhance
the transport of angular momentum are magnetic fields. As long as they are below
equipartition, they can be well-described with the ideal MHD equations due to the high
ionisation degree of the gas [17, 14]. Numerical studies showed that the gas during the
formation of the first stars is turbulent [1, 18], which can be seen in the inhomogeneous
density distribution in the protostellar core and from the specific angular momentum
profiles, which are sub-Keplerian because of the turbulent angular momentum transport.
Under such conditions, a small-scale dynamo may operate [e.g. 19, 20]. It has been
suggested to be operational in the first galaxies [21], and the corresponding field am-
plification during the formation of the first stars in minihalos and atomic cooling halos
has been explored in a semi-analytic framework by Schleicher et al. [22]. In this frame-
work, we model the growth of the magnetic field on different scales for a Kolmogorov
or a Burgers type spectrum. As predicted for the small-scale dynamo, we assume that
on each scale, it is amplified by the corresponding eddy-turnover scale. The smallest
scales therefore grow fastest and saturate first, but even scales corresponding to 1/10 of
a Jeans length will eventually saturate, as the eddy-turnover time is significantly smaller
FIGURE 2. Magnetic field amplification in the early collapse phase, as a function of the mean density
in the protostellar core.
than the free-fall time. The evolution of the magnetic field strength obtained with this
model is shown in Fig. 2. We are currently probing this scenario with numerical MHD
simulations following the collapse of primordial clouds. Additional implications due to
the magneto-rotational instability may occur after the formation of an accretion disk
[23, 24].
FUTURE PROBES WITH ALMA
As discussed by Spaans and Meijerink [25] and Schleicher et al. [26], the host galaxy of
high-redshift black holes with 106-107 M⊙ may be probed with the upcoming mm/sub-
mm telescope ALMA. At its largest baselines, it may resolve scales of 50− 100 pc at
z = 8, and thus probe the central regions of high-redshift quasars. Based on the CO
line SED, it is possible to probe whether the chemistry there is driven by X-rays or
the starburst (see Fig. 3). It may further probe the dynamics with high-resolution line
profiles.
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